1. The effects of 3-aminopicolinate, a known hyperglycaemic agent in the rat, on glutamine metabolism were studied in isolated dog kidney tubules. 2. 3-Aminopicolinate greatly stimulated glutamine (but not glutamate) removal and glutamate accumulation from glutamine as well as formation of ammonia, aspartate, lactate, alanine and glucose. 3. The increased accumulation of aspartate from glutamine and glutamate, and the inhibition of glucose synthesis from various non-nitrogenous gluconeogenic substrates, as well as the increased accumulation of malate from succinate, support the proposal that 3-aminopicolinate is an inhibitor rather than a stimulator of phosphoenolpyruvate carboxykinase (EC 4.1.1.32) in dog kidney tubules. 4. With glutamine as substrate, the increase in flux through glutamate dehydrogenase (EC 1.4.1.3) could not explain the large increase in glutamine removal caused by 3-aminopicolinate. 5. Inhibition by amino-oxyacetate of accumulation of aspartate and alanine from glutamine caused by 3-aminopicolinate did not prevent the acceleration of glutamine utilization. 6. These data are consistent with a direct stimulation of glutaminase (EC 3.5.1.2) by 3-aminopicolinate in dog kidney tubules.
In the rat, the hyperglycaemia induced by the administration of 3-aminopicolinate MacDonald et al., 1978) has been attributed to the stimulation by this compound of liver phosphoenolpyruvate carboxykinase (MacDonald & Lardy, 1978a,b) , a key gluconeogenic enzyme. More recently, Man et al. (1981) have shown that the effects of 3-aminopicolinate on the metabolite profile of the rat kidney were not consistent with a stimulation of the renal phosphoenolpyruvate carboxykinase. They also observed that 3-aminopicolinate caused in vivo an increase in both glutamine removal and ammonia formation by the kidney of rats that had recovered from metabolic acidosis, but they failed to demonstrate such an effect in vitro (Man etal., 1981) .
In the present paper, we show that, at least in dog kidney-cortex tubules, 3-aminopicolinate stimulates glutamine utilization and greatly alters the fate of both its carbon skeleton and amino nitrogen.
Methods and materials Dogs
Kidneys were from mongrel dogs of either sex fed on a standard diet (U.A.R., Villemoisson-sur-Orge, France)
Preparation of kidney-cortex tubules incubations and Kidney tubules were prepared by collagenase treatment as described previously (Baverel et al., 1978) . Incubations were performed at 370C in a shaking water bath in 25ml stoppered Erlenmeyer flasks in an atmosphere of 02/CO2 (19:1). Tubules were incubated in 4ml of Krebs-Henseleit (1932) buffer (pH 7.40) with 5 mM-L-glutamine or -Lglutamate as substrate in the absence or presence of 3-aminopicolinate (sodium salt). The flasks were prepared in duplicate for all experimental conditions. Incubations were terminated by adding HCl04 (final concn. 2%, w/v). In all experiments, zero-time flasks were prepared with and without substrate by adding HCl04 before the tubules. After removal of the denaturated protein by centrifugation (4000g for 10min), the supernatant was neutralized with 20% (w/v) KOH for metabolite determination. Analytical methods Lactate, pyruvate, glucose, alanine, aspartate, citrate, 2-oxoglutarate, fumarate, malate, glutamate, glutamine, ammonia and also the dry weight of the amount of tubules added to the flasks were determined as previously described (Baverel et al., 1978; Baverel & Lund, 1979 (1925) .
Results
In contrast with the finding by Man et al. (1981) in rat kidney-cortex slices, 3-aminopicolinate (0.05-5mM) markedly stimulated glutamine removal by isolated dog kidney-cortex tubules (Table 1) ; 3-aminopicolinate also caused an increase in the accumulation of glutamate and the formation of ammonia, aspartate, lactate and alanine. This was also true for the formation of glucose, except with the highest concentration of 3-aminopicolinate, which inhibited glucose synthesis from glutamine (Table 1) . No significant accumulation of intermediates of the tricarboxylic acid cycle was observed, which indicates that the glutamine removed and not accounted for by the carbon products found was completely oxidized. When tubules were incubated for 30 and 60min in the presence of 3-Aminopicolinate stimulation of kidney glutamine metabolism 5 mM-glutamine plus 0.5 mM-3-aminopicolinate, the effects of 3-aminopicolinate on glutamine metabolism were roughly linear with time (n = 4, results not shown).
Carbon-balance calculations demonstrate that the carbon fragment of the glutamine used is accounted for mainly by complete oxidation (38.9%) and the formation of glutamate (26.6%) and glucose (24.5%) in the absence of 3-aminopicolinate; with increasing concentrations of 3-aminopicolinate, the proportion of the glutamine carbon removed that is accounted for by aspartate progressively increases. Similarly, nitrogen-balance calculations show that the proportion of the amino nitrogen of the glutamine removed found as aspartate progressively increases, whereas that found as ammonia progressively decreases, in the presence of increasing concentrations of 3-aminopicolinate.
A slight but significant increase in glutamate removal was also caused by the addition of 3-aminopicolinate ( When tubules were incubated with 5 mMglutamine in the presence of 3-aminopicolinate plus amino-oxyacetate, an inhibitor of transaminases (Braunstein, 1964) , the stimulation of flux through glutaminase was still observed despite a further increase in glutamate accumulation and a virtually complete inhibition of aspartate and alanine synthesis (Table 3) ; under this condition, the increase in flux through glutaminase was also accompanied by an increase in flux through glutamate dehydrogenase, but 3-aminopicolinate did not reverse the inhibition of glucose synthesis from glutamine caused by the addition of amino-oxyacetate. Presumably owing to an inhibition of alanine synthesis by amino-oxyacetate, the 3-aminopicolinate-induced accumulation of lactate plus pyruvate further increased in the presence of 3-aminopicolinate plus amino-oxyacetate (see Table 3 ).
Discussion
In the present experiments, increased glutamine removal may have resulted from a direct stimulation of glutaminase by 3-aminopicolinate or/and from an increased removal of the glutamate (formed from glutamine), a well-known end-product inhibitor of renal glutaminase (EC 3.5.1.2) (Goldstein, 1966) . In the presence of 3-aminopicolinate, increased accumulation of glutamate from glutamine, despite a very large increase in glutamate metabolism mainly by the reactions catalysed by aspartate aminotransferase and alanine aminotransferase and to a lesser extent by glutamate dehydrogenase (see Table  1 ), strongly suggests that this compound stimulates glutamine removal, not only by increasing glutamate metabolism, but also by exerting a direct stimulation of glutaminase. Additional evidence of the direct stimulation of glutaminase was obtained by the addition of amino-oxyacetate (1.OmM), an inhibitor of transaminases (Braunstein, 1964) , which completely suppressed the accumulation of alanine and aspartate induced by 3-aminopicolinate (0.5mM) without suppressing the large stimulation of glutamine removal (Table 3) . This observation also rules out the possible role of glutamine-pyruvate transaminase and glutamine-oxaloacetate transaminase in the stimulation of glutamine utilization caused by 3-aminopicolinate.
Flux through glutamate dehydrogenase was increased by 3-aminopicolinate when glutamine, but not glutamate, was the substrate. This provides further evidence that, with glutamine as substrate, the increased flux through glutamate dehydrogenase (see Table 1 ) was secondary to the stimulation of glutaminase which caused an increased synthesis and accumulation of glutamate. Since the pathway for the conversion of glutamine into glucose necessarily involves glutamate dehydrogenase, the increase in glucose synthesis which paralleled the increase in flux through glutamate dehydrogenase (Table 1 ) was therefore also due to the stimulation of glutaminase by 3-aminopicolinate.
In the presence of 3-aminopicolinate, the stimulation of ammonia formation from glutamine was due in great part to the increased flux through glutaminase, because flux through glutamate dehydrogenase increased moderately or even decreased with the highest concentration of 3-aminopicolinate used (Table 1) .
The fact that 3-aminopicolinate stimulated the formation of aspartate and alanine from both glutamine and glutamate (Tables 1 and 2 ) clearly indicates that this compound increased the availability of oxaloacetate and pyruvate respectively. Increased availability of oxaloacetate probably resulted, at least in part, from inhibition by 3-aminopicolinate of the utilization by phosphoenolpyruvate carboxykinase of the oxaloacetate formed from glutamine or glutamate; consistent with such an inhibition is the close structural similarity of 3-aminopicolinate to quinolinate and 3-mercaptopicolinate, two well-known inhibitors of phosphoenolpyruvate carboxykinase (Veneziale et al., 1967; DiTullio et al., 1974) , which cause accumulation of aspartate from glutamine in renal cortex (Watford et al., 1980; Vinay et al., 1980) , as well as the demonstration that 3-aminopicolinate affects the activity of phosphoenolpyruvate carboxykinase isolated from rat liver (MacDonald & Lardy, 1978a,b) and renal cortex (Man et al., 1981) . The fact that aspartate and malate accumulate in rat kidney cortex in vivo after administration of 3-aminopicolinate has been observed (Man et al., 1981) also supports the conclusion that this compound inhibits the renal phosphoenolpyruvate carboxykinase. Evidence that 3-aminopicolinate inhibits gluconeogenesis was obtained in experiments where tubules were incubated for 60 min with various non-nitrogenous glucose precursors used at a concentration of 5 mm in the presence of 0.5 mM-3-aminopicolinate. In these experiments, 3-aminopicolinate inhibited glucose synthesis by 44.3% (P <0.01), 50.5% (P<0.01), 36.3% (P<0.001) and 34.1% (P < 0.001) from lactate, pyruvate, succinate and malate respectively; by contrast, glucose formation from glycerol was not decreased (n = 4; results not shown). 3-Aminopicolinate also stimulated the accumulation of malate from succinate (P <0.05); all these results are consistent with an inhibition of phosphoenolpyruvate carboxykinase by 3-aminopicolinate.
It should be noted that, at a given concentration of 3-aminopicolinate (0.5 mM), aspartate synthesis from glutamine (Table 1) is much larger than that from glutamate (Table 2) ; and, since the degree of inhibition of phosphoenolpyruvate carboxykinase is the same with both substrates, this means that in the presence of 3-aminopicolinate the synthesis of oxaloacetate is much larger from glutamine than from glutamate. Calculations of Tables 1 and 2 indicate that flux through 2-oxoglutarate dehydrogenase (an estimate of the maximal capacity for synthesizing oxaloacetate from glutamine or glutamate) is of the same order with either glutamine or glutamate as substrate in the absence of 3-aminopicolinate, but this flux is doubled in the presence of 3-aminopicolinate (0.5 mM) only when glutamine is the substrate. Observation of this provides further evidence that 3-aminopicolinate, in addition to its inhibition of renal phosphoenolpyruvate carboxykinase, has a primary effect at an enzymic step specific to glutamine metabolism, namely glutaminase.
Inhibition of glucose synthesis from glutamine by 5 mM-3-aminopicolinate (Table 1) (Tables 1 and  3 ), is probably due to an increased synthesis of pyruvate (calculated as the sum of the glutamine completely oxidized and the pyruvate, lactate and alanine found), secondary to the stimulation of glutaminase.
Finally, inhibition of complete oxidation and therefore of flux of glutamine carbon through pyruvate dehydrogenase was probably due to diversion of the pyruvate formed from complete oxidatibn to synthesis of alanine and lactate (see Tables 1 and 3 ).
In summary, our results are in agreement with an inhibition of phosphoenolpyruvate carboxykinase and a stimulation of glutaminase by 3-aminopicolinate in dog renal tubules. To our knowledge, 3-aminopicolinate is the first synthetic compound capable of stimulating the renal glutaminase. The mechanism by which such a stimulation occurs is unknown; however, the known metal-chelating activity of 3-aminopicolinate (MacDonald & Lardy, 1978a) suggests that some metal (Fe2+, Mn2 , Co2+) might have important regulatory influences on the activity of glutaminase, but this remains to be demonstrated.
